There is much evidence to suggest that transplanted olfactory ensheathing cells may ameliorate the functional deficits associated with injuries to the nervous system, especially the spinal cord. For clinical implementation of this strategy it will be necessary to derive large numbers of these cells from an accessible and, preferably, autologous source, implying that olfactory mucosa would be ideal. Although olfactory ensheathing cells can be derived from olfactory mucosa, in routine culture conditions the proportion of these cells is unacceptably low for clinical purposes. This study compared the effect of culturing dissociated olfactory bulb and olfactory mucosa in two different media: one containing serum and one serum free. The results indicate that olfactory ensheathing cell proportion, and absolute cell numbers, is greatly increased in serum-free conditions. Further analysis suggests that serum-free medium has a differential effect on contaminating fibronectin-positive and p75-positive cells from olfactory bulb and olfactory mucosa. This study demonstrates that serum-free culture conditions provide a simple and useful means of deriving a sufficient number of olfactory ensheathing cells for transplantation and reveals a difference in biological behavior of the cells contained within olfactory bulb and olfactory mucosa.
INTRODUCTION
dent experiments, deriving OEC from the OB of syngeneic animals is most convenient. However, in clinical cases it would be highly advantageous to use autologous Olfactory ensheathing cells (OECs) are unique glial cells that ensheath the axons of olfactory sensory neu-cells, thereby avoiding immune rejection, and obtain the cells from OM, because it can be accessed with minimal rons and support their regrowth in adult mammals (3, 11) . Many experiments have further explored the prop-morbidity. Although OECs can be harvested from the OM of many species (5, 9, 16, 19, 20, 36, 44) , in both dogs erties of these cells and have demonstrated that they can promote regeneration of injured axons within the CNS (19) and humans (5, 9, 36) , it is difficult to derive a sufficiently large population of cells of appropriate purity for and, also, remyelinate demyelinated axons (10,17, 18, 22, [24] [25] [26] 32, 37, 41, 46, 47) . transplantation from this source (5, 19, 20) . OEC purification methods reported in rodent studies, These successful experiments suggested that OECs may have beneficial effects when transplanted into dam-such as immunopanning (24,39), magnetic beads (12, 30) , and FACS sorting (4, 45) , are inappropriate for clini-aged regions of the CNS in human spinal cord injury patients. Indeed, clinical trials in humans (7, 9, 14, 15, 28) cal application because they involve labeling with specific antibodies, which could elicit adverse immune re-and dogs (21) have already commenced. There are several possible sources of OEC for transplantation, includ-sponses. Therefore, alternative approaches to enrichment of the OEC proportion are required. ing olfactory bulb (OB) and olfactory mucosa (OM) from both autologous and heterologous sources. In ro-
The purpose of this study was to determine whether Tokyo Department of Veterinary Medicine. After euthanasia, olfactory mucosa (OM) from the frontal sinus was collected from all dogs and the olfactory bulb (OB) was obtained from six dogs. The method of tissue collection counting slides and incubated for a further day in 250 and preparation of cell cultures has been described preµl of GM. The slides were fixed in 4% paraformaldeviously (19) . After trimming and enzymatic digestion, hyde and all slides were kept in PBS at 4°C prior to all tissue was prepared for culture in two different meimmunostaining. The immunocytochemistry methods dia: control and serum free.
MATERIALS AND METHODS
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have been described previously (19) . A series of primary Control OEC Culture With 10% FBS antibodies was applied: anti-p75 (the low-affinity mouse nerve growth factor receptor, 1:100; Chemicon), poly-Routine in vitro OEC culture methods are here declonal rabbit anti-cow glial fibrillary acidic protein scribed as "control" cell cultures. The cells were grown (GFAP) (1:100; Dako), polyclonal rabbit anti-S100 (1: in DMEM containing 10% FBS, 2 µM forskolin (Sigma), 100, Dako), polyclonal rabbit anti-human fibronectin and 20 ng/ml heregulin (R&D system) [growth medium (Fn) (1:400, Dako), and monoclonal mouse anti-calponin (GM)] at concentration of 10,000-50,000/ml in a poly-(1:100, Abcam, clone: CALP). The cells in one series of L-lysine (Sigma)-coated 25-cm 2 flask. The cultures were wells were double stained for p75 and GFAP, for p75 maintained at 37°C in 5% CO 2 , and one half of the meand S100, for p75 and Fn, for calponin and GFAP, and dium was renewed every 3 days. Each tissue culture was in the last calponin and S100; DAPI was applied to all maintained for 3 weeks. The cells were passaged into wells. eight-chamber Lab-Tek counting slides (Nalge Nunc International) at 20 days in vitro (DIV) for data collection Data Collection of proportion study.
The cells were counted in a hemocytometer at 21 OEC Culture Using Serum-Free Medium DIV. The proportion of immunolabeled cells in each This method was the same as the control cell cultures chamber of the staining wells was determined from except a different culture medium was used. In these counts made in at least five fields (at least 100 cells in cultures, the cell pellet was resuspended in DMEM coneach field) using ×20 objective and fluorescent filter. taining 2 µM forskolin and 20 ng/ml heregulin (serumfree GM; not containing 10% FBS) and seeded (10,000-Statistical Analysis 50,000/ml) into a poly-L-lysine-coated 25-cm 2 flask. The Comparisons between the two sites (OM and OB) cultures were maintained and analyzed in the same way and the two culture conditions were made together using as the control cultures.
the Kruskal-Wallis test (GraphPad Prism for Windows); In preliminary experiments (n = 3) the cells from OM post hoc pairwise comparisons using Dunn's test were were cultured in serum free-GM for 3 weeks and at 3 applied if the original test indicated significant differweeks the proportion and population of OM OECs were ences among the groups. A value of p < 0.05 was taken quantified (Table 1 ). In subsequent experiments serum to indicate significance. was added after 2 weeks because preliminary data suggested that cell multiplication was inhibited in serum-RESULTS free medium; at 14 DIV all the medium was replaced Preliminary Investigation of Serum-Free Cultures with GM containing 10% FBS and subsequently renewed (Table 1 ) every 3 days. The cells were passaged into eight-cham-In our initial exploration of the use of serum-free meber Lab-Tek counting slides at data collection point. dium for culturing dissociated OM the proportion of Each culture was maintained for a total of 3 weeks. p75+ cells was very high (>95%) and much higher than Immunocytochemistry we found in routine culture conditions previously (19) . However, the total cell number (ϳ2-3 × 10 6 ) at 21 DIV For immunostaining, the cells were passaged from each flask at 20 days in vitro to eight-chamber LabTek was substantially less than that calculated to be required for transplant purposes, suggesting that addition of se-The proportion of strongly p75+ cells was ϳ62% and most of the strongly p75+ cells were also S100+. The rum may increase total cell numbers. Therefore, our subsequent investigations measured cell number and p75+
proportion of strongly GFAP+ and Fn+ was ϳ2% and ϳ21%, respectively (Fig. 1E ). The total number of cells cell proportion in culture in serum-free medium for 14 days combined with a 7-day period in routine serum-in these cultures was 11.29 ± 2.09 × 10 6 , and the population of strongly p75+ cells was estimated at 5.99 ± 0.74 containing medium. We then compared these outcome measures between serum-free and serum-containing cul-× 10 6 ( Table 2 ). ture conditions.
Comparisons Olfactory Mucosa Cultures
Statistical analysis revealed a significant effect of serum-free conditions on the proportion of p75+ cells Control Medium. Strongly p75+ cells appeared elonamong the groups (Kruskal-Wallis test, p = 0.0003), and gated, bipolar or multipolar, spindle shaped ( Fig. 1A , post hoc pairwise analysis revealed a significant effect B), and made up ϳ20% of the total population ( Fig. 1D) .
of serum-free conditions in the olfactory mucosal cul-Most strongly p75+ cells were also S100+ and some tures only (Dunn's test, p < 0.001) ( Fig. 1D and E). To also showed reactivity to Fn or GFAP. Strongly GFAP+ investigate this effect in more detail we examined the cells were a very small proportion of the culture (ϳ1%) differences in cell numbers in different cultures. Statistiat 21 DIV and varied greatly in morphology (from cal comparison among all groups revealed a highly sigstubby to elongated). Strongly Fn+ cells constituted the nificant difference (Kruskal-Wallis test, p = 0.0004) in majority of the cell population (ϳ80%) and were flat, numbers of p75+ cells between cultures, and post hoc stubby, and ovoid. Some Fn+ cells were also calponin+ analysis revealed that in the OB cultures, but not the but none of S100+ cells were calponin+ (Fig. 1B) . The OM cultures, was there a significant (Dunn's test, p < total number of cells derived from OM was 41.36 ± 0.01) ( Fig. 1F ) decrease in these cells in serum-free con-4.07 × 10 6 at 21 DIV. Therefore, the calculated total ditions. Similarly, there was a highly significant differpopulation of strongly p75+ cells was 8.95 ± 1.02 × 10 6 ence (Kruskal-Wallis test, p = 0.0001) in Fn+ cell numin the control culture ( Table 2) . ber among the groups, but only in the OM cultures was Serum-Free Medium. The morphology of each cell there a significant (Dunn's test, p < 0.001) decrease in type was the same as their counterparts in the control serum-free conditions (Fig. 1F ). cultures (Fig. 1C) . However, the proportion of strongly p75+ cells in serum-free culture was far higher: ϳ80% DISCUSSION (Fig. 1C, D) . The proportion of strongly GFAP+ cells Here we show that serum-free medium increases the was similar to that in control cultures (ϳ2%) but the proportion of p75+ cells in cultures of olfactory mucosa proportion of strongly Fn+ cells was much lower to ϳ80%, compared with that of ϳ20% in the serum-(ϳ19%). The total number of cells in these cultures at containing medium usually used to culture OECs. Fur-21 DIV was 7.21 ± 0.98; therefore, the population of thermore, the number of p75+ cells obtained by 21 DIV strongly p75+ cells was calculated to be 5.89 ± 0.75 × is sufficient, according to "scaling up" calculations 10 6 ( Table 2) .
(ϳ5 × 10 6 cells) (21) for transplantation to injured spinal cord in adult dogs. However, the effect of serum-free Olfactory Bulb Cultures medium was different between OB and OM cultures. Control Medium. In general the morphology of each Whereas serum-free culture significantly reduced the cell type was the same as that found in OM cultures, number of Fn+ cells in OM cultures (OM fibroblasts), although strongly GFAP+ cells exhibited a more starthere was no effect on Fn+ cell numbers in OB cultures like shape. The proportion of strongly p75+ cells was (OB fibroblasts). Conversely, serum-free conditions dra-ϳ71% and most of the p75+ cells were also S100+ ( Fig. matically reduced the population of OECs in OB cul-1E). The proportion of strongly GFAP+ and Fn+ cells tures (OB OECs) but did not affect OEC number in OM was ϳ1% and ϳ30%, respectively. The total population cultures (OM OECs). There are three possible explanaof cells in these cultures was 38.6 ± 5.48 × 10 6 , and the tions for these results: differences between the two sites population of strongly p75+ cells was 26.98 ± 3.29 × 10 6 in character of i) Fn+ cells, ii) p75+ cells, or iii) interac-( Table 2) .
tions between the various cell types within the cultures. First, in terms of their function in vivo at least, fibro-Serum-Free Medium. The morphologies of the various cell types were the same as those found in all other blasts in OM and OB are clearly different. Fibroblasts in OM cultures are likely to be olfactory nerve fibroblasts cultures. However, in addition, there were round cells that did not label with any of the antibodies used in this (ONFs) and other fibroblasts of the nasal cavity mucosa, whereas OB fibroblasts are predominantly meningeal study (p75, S100, GFAP, Fn, and calponin) ( Fig. 1G-I) . Figure 1. (A-C) Immunocytochemical characteristics of cell populations derived from olfactory mucosal (OM) cultures in control medium (A, B) and in serum-free medium (C). Elongated p75+ cells and many flat Fn+ cells were seen in control medium culture (A). Calponin+ cells were flat and never S100+ (B). In contrast to culture in control medium there were many p75+ cells in serumfree medium; some p75+ cells were also Fn+ (C; arrow). Scale bar: 25 µm in all panels. (D) Proportion of each cell type in OM cultures in control and serum-free medium. In OM control culture, the proportion of p75+ cells was ϳ20% at 21 DIV and almost all p75+ cells were also S100+. The proportion of Fn+ cells was ϳ80%. In contrast, in serum-free OM culture a significantly (Dunn's test, p < 0.001) larger proportion of cells were p75+ (ϳ80%) and a correspondingly lower proportion of Fn+ cells (ϳ20%). In both types of culture, there were few GFAP+ cells. Bars represent percentage of each cell type ± SEM (n = 8). (E) Proportion of each cell type in olfactory bulb control and serum-free cultures. Statistical analysis revealed that there was no difference in p75+ cell proportion between culture conditions. Bars represent percentage of each cell type ± SEM (n = 6). (F) Population of p75+ cells and Fn+ cells in each culture. In the OB cultures, there was a significant (p < 0.001) increase of p75+ cells in control conditions. On the other hand, there was a significant (p < 0.001) decrease of Fn+ cells in serum-free conditions in OM cultures. (G-I) Morphological and immunocytochemical characteristics of round cells that were seen in serum-free OB cultures. There were some round cells (arrows) that did not react to any antibodies including p75, GFAP, S100, Fn, and calponin.
FACING PAGE
cells. Further evidence that the difference between these pothesis is compatible with the results of our previous study, which showed that the proportion of p75+ OECs cell types may have significant effects on cell proportion in culture is provided by our previous studies showing in OB cultures increased with time and proliferation rate was higher than OECs in OM cultures (19) . A variety that OM fibroblasts proliferate more rapidly than OB fibroblasts (meningeal cells) when provided with identi-of growth factors are mitogenic for OECs (2, 23, 48) , and it has been suggested that fibroblast growth factor 2 cal culture conditions (19) . It has also been reported that serum-containing medium facilitates fibroblast growth (FGF2) expressed by meningeal cells (35) might support such increased proliferation (24). However, this expla-in Schwann cell cultures (29) .
Second, despite being morphologically and antigeni-nation is insufficient to account for differences between the cultures derived from the two sites because FGF2 is cally identical, there is some evidence that OM OECs and OB OECs can exhibit different behavior. For in-also secreted by ONFs and other fibroblasts in olfactory epithelium (13). Nevertheless, other differences in growth stance, there are reports that OM OECs are less supportive of axonal regeneration than OB OECs (33, 42, 44) , factor expression profiles could account for this phenomenon; such a possibility could be further examined although this is an inconsistent finding (27, 43) . As always in studies of OM culture, an alternative possibility in experiments in which OM fibroblasts are cultured with OB OECs and vice versa. is that OM-derived p75+ cells might be Schwann cells; it is certainly established that Schwann cells can survive Although OEC culture methods generally aim to produce transplant cell populations with a high proportion in serum-free conditions (29, 34) .
The third possibility is a difference in interaction be-of p75+ cells, the optimal proportion of OECs to promote axonal regeneration is currently unknown. Indeed, tween the various cellular components of the cultures, in particular between the Fn+ and p75+ cells derived many different transplant populations have been used for this purpose (1, 10, 22, 26, 30, 31, (39) (40) (41) 46, 47) . It has also from the two different sources. For instance, perhaps meningeal cells are responsible for enhanced prolifera-been suggested that some "contamination" with olfactory nerve fibroblasts (ONFs) might aid the promotion tion of OB OECs in cultures derived from OB. This hy- OECs or deliberately mixed cell populations (24). In- 
